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Abstract

The effects of interracial roughness and oxide film thickness on thermally-induced stresses

in plasma-sprayed thermal barrier coatings subjected to thermal cycling are investigated using
the recently developed higher-order theory for functionally graded materials. The higher-order
theory is shown to be a viable alternative to the finite-element approach, capable of modeling
different interracial roughness architectures in the presence of an aluminum oxide layer and
capturing the high stress gradients that occur at the top coat/bond coat interface. The oxide
layer thickness is demonstrated to have a substantially greater effect on the evolution of residual
stresses than local variations in interracial roughness. Further, the location of delamination
initiation in the top coat is predicted to change with increasing oxide layer thickness. This result
can be used to optimize the thickness of a pre-oxidized layer introduced at the top coat/bond coat
interface in order to enhance TBC durability as suggested by some researchers. The results of our

investigation also support a recently proposed hypothesis regarding delamination initiation and
propagation in the presence of an evolving bond coat oxidation, while pointing to the importance
of interfacial roughness details and specimen geometry in modeling this phenomenon.

1 INTRODUCTION

Many factors may affect the durability of ceramic thermal barrier coatings (TBCs). These

include the thermoelastic and viscoplastic parameters controlling the response of the individual

constituents (i.e., the top coat, bond coat and substrate, see Fig. 1), bond coat/top coat interface

roughness and strength, bond coat oxidation, top coat microstructure (which depends on the fab-

rication process [1]), substrate curvature, and imposed thermal load profiles. Each of these factors

influences in a different manner the internal stresses induced in the individual constituents during

service conditions, leading to potentially different failure modes [2,3]. A thorough understanding of



the influenceof eachofthesefactorsseparately,aswell astheir interaction,is thereforeessentialin
developingguidelinesfor the designof durableTBCs.This requiresthedevelopmentofsufficiently
comprehensiveanalyticaland/or numericalmodelscapableof accuratelyassessingthe importance
of the abovefactorson the evolutionof internalstressesduringserviceconditions.

Early experimentalinvestigationsinto failuremechanismsof plasma-sprayedTBCs conducted
by Miller andLowell[4]identifieddelaminationat (or just above)the top coat/bondcoatinterface
asthe primary failuremode,ultimately leadingto spallationof the coating. The failuremecha-
nismwashypothesizedto involveresidualstressesinducedinto the coatingduring the cooldown
stageof a thermalcycledue to the thermalexpansionmismatchbetweenthe top coat and the
bondcoat. The initiation of the failureprocesswasshownto be substantiallyinfluencedby the
formationof a thin oxidefilm at the top coat/bondcoat interfaceduring exposureto elevated
temperatures,andbasedon the observedlocationof delaminationthe interface'sirregularitywas
thought to play a role. In orderto better understandthe influenceof bondcoat/top coatrough-
nessandbondcoatoxidationon thermally-inducedstressesin plasma-sprayedTBCs,andthusthe
observedspallation-typefailuremodes,finite-elementinvestigationswereconductedby Changet
al. [5,6,7,8]on a modelcylindricalTBC geometrywith a top coat/bond coat interfacevarying
sinusoidallyin the circumferentialdirectionat a fixed radiusfrom the cylinder'scenter. These
studiesdemonstratedthe evolutionof a significantradial stresscomponentat the top coat/bond
coat interfaceupon cooldown,whichbecametensileat the wavy interface'screst. Incorporation
of plasticity into the finite-elementanalysisdecreasedthe magnitudeof the radial stress,while
introductionof anoxidelayerbetweenthe top coatand the bondcoatproduceda changein the
signof this stressalongthe oxidelayer/top coat interface.Basedon the finite-elementresults,a
modelwasproposedfor oxidation-inducedcoatingfailure in plasma-sprayedcoatingswith rough
interfaces.However,validationof theproposedmodelrequiredthe incorporationof all thefeatures
investigatedseparatelyinto a unifiedmodel,includingmorerealisticthermalloading,appropriate
inelasticmodelsfor the constituentphases,oxidelayerevolutionand crackgrowth.

The resultsof similar, but morerealistic,finite-elementanalyses,addressingthe influenceof
bondcoat/top coat interfaceroughnessandbondcoatoxidationon thermally inducedstressesin
plasma-sprayedceramiccoatingsoncylindricalspecimens,wererecentlyreportedin a sequenceof
papersby Fergusonet al. [9],PetrusandFergnson[10]andFreborget al. [11]. In thesestudies,
cyclic thermal loadingthat closelysimulatedactual in-servicethermal exposurewasemployed,
oxidelayergrowthwasmodeledexplicitly,anda creepmodelwasusedfor the inelasticbehaviorof
theTBC constituentsto accountfor theactualtime-dependentresponseat elevatedtemperatures.
The resultsindicatethe evolutionof a non-zerostresscomponentnormal to the interfaceduring
cyclicthermalloading.Dueto stressrelaxationduring the holdperiodof a heatup-hold-cooldown
thermalcycle,this stresscomponentbecomestensileat the interface'screstuponcooldown.The
presenceof thisstresscomponentcorrelateswellwith theobservedhorizontalcracksat or just above
the interracialcrestswhichhavebeendemonstratedpreviouslyto producespallation-typefailures
in plasma-sprayedTBCs. Oxidationof the bondcoatwasshownto affectthe stressdistribution
normalto the bondcoat/top coatinterfacein a mannerthat acceleratesthe spallationprocess.

In this paper,wereport the resultsof aninvestigationwhichaddressessimilar issuesbut from
a somewhatdifferentperspective.First, weconsidera flat TBC systemshownin Fig. l(a) that
remainsin ageneralizedplanestrainstateunderthe imposedspatiallyuniformcyclicthermalload-
ingwhichsimulatesuniformly-appliedfurnacethermalcycling.Experimentsona similargeometry
underthis type of thermalloadingwererecentlyconductedby KoolloosandHouben[12].Thuswe
eliminateanyeffectsdueto curvaturethat maycauseadditionalradialstressesnormalto thebond
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coat/topcoatinterface.This allowsusto investigatethestressesinducedstrictly by theinterracial
waviness.Second,we considera periodicallyvaryingwavy interfacebetweenthe top and bond
coatswhosewaveformconsistsof two sinewaveswhicharemirror imagesof eachotherasshown
in Fig. l(a), in contrastwith the singlesinewaverepresentationemployedin the finite-element
studiesdiscussedabove(i.e.,Ref. [5-111).The doublesinewavecontainscuspsand thus is a more
realisticrepresentationof the locally irregularinterracialfeaturesproducedby the plasma-spray
processthan thesmoothsinglesinewaverepresentation[3]. To investigatethe effectof interracial
roughnesson thestressfieldduring theappliedthermalcycle,thetrough amplitudeisvaried(with
the crestamplitudefixed)to producelow,standardandhighdegreesof interracialroughness.The
chosenmodelgeometriesallowoneto investigatedisturbancesin the stressfieldproducedby local
interracialroughnessirregularitiesobservedin plasma-sprayedcoatings.Dueto the periodicnature
of theTBC system'sarchitecture,the analysisof thermally-inducedstressfieldsisperformedonthe
repeatingcross-sectionelementshownin Fig. l(b) underconstraintswhich simulategeneralized
planestraindeformationandtakeadvantageof the symmetryconsiderations.

In addition,anoxidelayeris introducedbetweenthetopcoatandthebondcoatof thestandard
interfaceroughnessgeometryto investigateits effecton the stressfield. In this investigation,we
donot attemptto simulatethegrowthof this oxidelayerasa functionof time aswill bediscussed
in moredetail later, in contrastwith theworkof Fergusonet al. [9],PetrusandFerguson[10],and
Freborget al. [11]. Rather,we investigatehowoxidelayerswith differentthicknessesaffectthe
thermally-inducedstressfield,with themeanthicknessof the bondcoatkept fixed. This simulates
the introductionof a pre-oxidizedlayerbetweenthe top and bondcoatsto retardor control the
rateof oxygendiffusioninto themetallicbondcoat,aswasdoneby KoolloosandHouben[12],and
allowsoneto quantifythe oxidelayer'sthicknesseffectonthe stressfield.

The analysisof the thermally-inducedstressesin the aboveconfigurationsis conductedusing
the recentlydevelopedversionof the higher-ordertheory for bidirectionallyfunctionallygraded
materials,referredto asHOTFGM-2D in the literature [13,14,15,16].As describedin the next
section,this analysistechniqueoffersa comprehensiveapproachtowardsmodelingthe responseof
materialsystemswith differentmicrostructuraldetails,includingcertainadvantagesnot available
in standarddisplacement-basedfinite elementtechniques.In particular,it is capableof capturing
differentmicrostructuraldetailsobservedin plasma-sprayedcoatings,includingtop coat'sporosity
andorientedmicrostructurewhoseeffectsremainto beaddressedin the literature. The predictive
capabilityof this novelanalyticaltechniquedemonstratedin this investigationsetsthe stagefor
future investigationsthat will addressthe effectof these(aswell asother) microstructuraldetails
onTBC failuremechanismsand durability.

2 MODELING APPROACH

HOTFGM-2D is based on a geometric model of a heterogeneous composite having finite

dimensions in the x2 - x3 plane and extending to infinity in the Xl direction, Fig. 2. In the x2 - x3

plane, the composite is functionally graded with an arbitrary distribution of inclusions of arbitrary

cross section. The loading applied to the composite may involve an arbitrary temperature or heat

flux distribution and mechanical effects represented by a combination of surface displacements

and/or tractions in the x2 - x3 plane, and a uniform strain in the xl direction.

The functionally graded microstructure in the x2 -x3 plane is modeled by discretizing the

heterogeneous composite's cross section into Nq and Nr generic cells in the intervals 0 < x2 _< H,

0 < x3 _< L. The generic cell (q, r) used to construct the composite, highlighted in Fig. 2, consists



offour subcellsdesignatedby thepair (_7), whereeachindex_, _ takesonthe values1or 2which
indicatethe relativepositionofthe givensubcellalongthe x2 and x3 axis, respectively. The indices

q and r, whose ranges are q = 1, 2, ..., Nq and r = 1, 2, ..., N_, identify the generic cell in the x2 -x3

plane. The dimensions of the generic cell along the x2 and x3 axes, h_ ) , h_ ), and l_r), l_r), Can vary

in an arbitrary fashion such that

gq

n =E(h ÷h?))
q=l

N_

L= +g))
r=l

Given the applied thermomechanical loading, an approximate solution for the temperature and

displacement fields is constructed based on volumetric averaging of the field equations together with

the imposition of boundary and continuity conditions in an average sense between the subvolumes

used to characterize the material's microstructure. As described briefly in the appendix, this is

accomplished by approximating the temperature and inplane displacement fields in each subcell

of a generic cell using a quadratic expansion in the local coordinates 2_;_), 2_'Y) centered at the

subcell's centroid. A higher-order representation of the temperature and displacement fields is

necessary in order to capture the local effects created by the thermomechanical field gradients, the

microstructure of the composite and the finite dimensions in the functionally graded directions.

The out-of-plane displacement, on the other hand, is approximated using linear expansion in local

coordinates which reflects the material's continuous microstructure in the out-of-plane direction.

The unknown coefficients associated with each term in the temperature and displacement field

expansions are then obtained by constructing systems of equations that satisfy the requirements

of a standard boundary-value problem for the given field variable approximations. That is, the

heat and equilibrium equations are satisfied in a volumetric sense, and the thermal and heat flux

continuity conditions, and the displacement and traction continuity conditions, within a given cell,

as well as between a given cell and its adjacent neighbors, are imposed in an average sense.

Similarities and differences between this approach and standard displacement-based finite-

element formulations have been described elsewhere [17]. An important advantage of the present

approach is the simultaneous satisfaction of displacement and traction continuity conditions be-

tween the different subvolumes of the spatially variable microstructure. This facilitates the de-

termination of thermally-induced stresses across the top coat/bond coat interface in the present

application which cannot be easily captured due to very localized and very steep gradients in the
thickness direction as will be demonstrated.

The volume discretization employed in HOTFGM-2D allows one to represent the geometries of

different types of spatially variable material architectures in sufficient detail. For instance, this ap-

proach was recently employed in modeling thermally-induced stresses in functionally graded TBCs

subjected to thermal gradient cyclic loading, illustrating how creep-induced stress redistribution

depends on the level of microstructural refinement [17]. In the present application of HOTFGM-

2D, we discretize the repeating cross-section element of the TBC system shown in Fig. l(b) in

order to model the geometric details associated with different degrees of interfacial roughness and

different oxide layer thickness. The mean top coat and bond coat thickness are the same as those

investigated by Freborg et al. [11], using circular specimen geometry, while the substrate thickness

is different due to the absence of curvature in our specimen geometry. The results of this volume

discretization in the region around the wavy interface are shown in Fig. 3 for the three levels of

interfacial roughness, herein called low, standard and high. The wavelength of a single sinusoidal

waveform is 50 #m and the crest amplitude is fixed at 10 #m while the trough amplitude is 4, 10
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and 16_m for the low,standardandhighinterfacialroughness,respectively.Thestandardinter-
faceroughnessin our investigationhasthe samewavelengthto amplituderatio asthat employed
by Fergusonet al. [9]. Includedin Fig. 3 arethe dimensionsof thin andthick oxidelayersfor the
standardinterracialroughness.Asis observed,thechosenvolumediscretizationadequatelydepicts
the differentlevelsof interfacialroughness.

The material thermoelasticand viscoplasticparametersthat governthe responseof the indi-
vidual TBC constituentsaregivenin Table1 [9]. The viscoplasticresponseof the Zr-basedtop
coat, NiCr-basedbond coat, andNi-basedsubstrateis modeledby a power-lawcreepequation,
generalizedto multi-axial loadingsituationsasfollows,

3F(oe,T) ,
(2)

_/ t _ andwhere _ff are the components of the stress deviator, _e = 3/2 _j_ij,

F(ae, T) = A(T)a'_ (T) (3)

where the temperature-dependent parameters A, n are listed in the table in the range 10 - 1200 ° C.

These are the same as the parameters used by Freborg et al. [11], as are the temperature-dependent

thermal expansion coefficients. However, average values of the Young's moduli over the specified

temperature range provided by the above authors were used in our calculations for computational

efficiency as discussed below.

Table 1. Thermoelastic and creep material parameters of the TBC constituents

(after Ferguson et al. [9]).

Material E (CPa) u c_ (10-_/°C)
10° _ 1200 ° C

Zr-based TC 25.4 0.33 7.6 --_ 12.5 2.01 x

A1302 layer 380 0.26 8.6
NiCr-based BC 156 0.27 12.0 --* 14.4 4.39 ×

Ni-based SUB 156 0.27 12.0 _ 19.3 4.85 ×

A (MPa-_/s) n
I0° -_ 1200°C I0° --,1200° C

10-_° .-* 1.85 x 10 -7 1.0 _ 3.0

10 -40 ---+ 7.40 x 10 -6 1.0 --_ 3.0

10 -36 --+ 2.25 x 10 -9 1.0--*3.0

The creep model employed in this investigation requires considerable computational effort to

solve the governing systems of equations described in the appendix which characterize the tem-

perature and deformation fields in the individual subcells of the discretized repeating cross section

element. This is due to the high creep, and thus relaxation, rates at elevated temperatures that the

TBC constituents experience for the given creep parameters and thermal loading. In the present

investigation, a forward Euler integration technique was employed to integrate the governing equa-

tions using a variable time step. Very small time steps were required during the heatup and

cooldown portions of the thermal cycle to obtain convergent solutions. This, in turn, necessitated

the use of average Young's modulus values over the considered temperature range in order to avoid

the need to invert the large global stiffness matrix in the governing equations at each time incre-

ment. Convergent solutions were obtained as verified by repeating the calculations for decreasingly

smaller time increments, as well as by ensuring that the continuity of interracial tractions across

the top coat/bond coat interface was satisfied.



Finally, the spatially-uniformthermalloadingappliedto the TBC systemis shownin Fig. 4.
It consistsof a heatup,hold, and cooldownportionsovera periodof 630sec. Again,this is the
sameloadingcycleasthat employedby Freborget al [11]. Threethermalcyclesweresufficient
to delineatethe major responsecharacteristicsfor the consideredmaterialcombinations,geometry
and temperaturerangedue to the rapid stressrelaxationwithin the TBC constituentsduring
the hold period. We note that transienteffectswerenot taken into accountin performingthe
calculations(i.e.,steady-statethermomechanicalanalysiswasemployed)dueto the relativelyslow
rate of heating/coolingemployedin the thermalloadinghistory (which,aspreviouslymentioned,
simulatesfurnaceheating). Transienteffectswouldcertainlybecomeimportant whensimulating
thermal shocktests, and caneasilybe accommodatedby the higher-ordertheory. In addition,
residualstresseswerenot includedin the calculationsdueto the completestressrelaxationthat
occursduring the hold portion of the thermalcyclefor the employedthermal history,aswill be
seenin the next section. It must be mentioned,however,that for other thermal historiesfor
whichcompletestressrelaxationdoesnot occurin the individualconstituents(in the presenceof
a through-thicknesstemperaturegradient,for example),fabrication-inducedresidualstressesmay
play a role. Further, residualstressesdue to fabricationmayinduceinitial damagewhichmay
acceleratethe spallationmechanism.It hasbeenreported,for instance,that spallationoccurs
soonerwhena coatingis plasma-sprayedontoanexcessivelyhot substrate[18].

3 RESULTS

The results presented herein emphasize the influence of interracial roughness and fixed oxide

layer thickness on the through-thickness (cr33) stress that is thought to be responsible for the

formation of horizontal cracks in plasma-sprayed coatings in the vicinity of the top coat/bond coat

interface's crest. However, the transverse (a22) stress is also included in the section addressing the

oxide layer thickness effect as large magnitudes of this stress arise in the oxide layer itself and may

potentially lead to the oxide film's degradation. These stresses are presented at critical locations as

a function of time, as well as through critical cross sections (both vertical and horizontal) at those

points in time that correspond to the maximum magnitudes of these stress components.

The presentation of the results is divided into two parts. In the first part, we initially demon-

strate the convergence of our solution technique by focusing on the interracial traction continuity

across the top coat/bond coat interface, and then investigate the influence of interfacial roughness

on the through-thickness stress in the absence of an oxide layer. In the second part, we investigate

the effect of varying the oxide layer thickness on both stress components for the standard interracial

roughness, and compare the results with those when the oxide layer is absent.

3.1 Interface Roughness Effects

Figure 5 illustrates the evolution of the through-thickness stress across the crest and trough

of the top coat/bond coat interface during the first thermal cycle for a low and a high interface

roughness in the absence of an oxide layer. The stresses in the center of two adjacent subcells lying

on the top coat and bond coat side of the interface's crest and trough are displayed in order to

demonstrate the interracial traction continuity satisfied by the higher-order theory formulation. As

mentioned in the foregoing, the satisfaction of the interracial traction continuity in the presence

of very rapid relaxation of the stress field at elevated temperatures requires careful integration

of the governing systems of equations presented in the appendix. The demonstrated traction



continuity givesus confidencein the resultsthat will be discussedin the sequel.To achievea
comparablelevelof traction continuity satisfactionusingthe displacement-basedfinite-element
approachrequiressubstantialmeshrefinementin the interracialregionwherethe stressgradients
becomeverypronouncedduringheatupandcooldown.Thelevelof tractioncontinuitysatisfaction
observedin our resultsmay be difficult to achieveusingthe displacement-basedfinite-element
analysisassuggestedby the initial resultsreportedby Fergusonet al. [9].

The stressprofilesin Fig. 5 indicatethat the maximummagnitudesof the through-thickness
stressoccurduring the initial heatupportion of the thermal cycle (at about 30 sec)and after
cooldown(at 630sec). During the initial heatupperiod, the through-thicknessstressbecomes
compressiveacrossthe interface'screstandtensileacrossthe interface'strough.After the stresses
at theselocationsreachtheir maximumvaluesat 30secor 825° C, they quickly decayto zero
beforetheinitial heatupiscompleteddueto therapidstressrelaxationat theelevatedtemperature.
Therefore,duringthe cooldownportionof the thermalcycle,the through-thicknessstressbecomes
tensileacrosstheinterface'screstandcompressiveacrosstheinterface'strough,with themaximum
magnitudesoccurringuponthe cycle'scompletionat 630sec.During subsequentthermalcycles
(not shown),the through-thicknessstressacrossthe interracialcrestandtrough initially decreases
to zeroduring the heatupportion andsubsequentlyretracesits pathduring cooldown,attaining
thesamemaximumvaluesasthoseafterthefirst cycle.Thusthe trough,in theabsenceof anoxide
layer,will be subjectedto either zeroor compressivethrough-thicknessstressduringsubsequent
thermalcyclingfor the chosenTBC materialsystemandthermalloadingprofile,eliminatingthe
possibilityof horizontalcrackgrowthin thisregion.Thiswill betruewhetherornot the interfaceat
the troughsurvivesthe initial heatup.Alternatively,thecrestwill besubjectedto tensilethrough-
thicknessstressduringsubsequentthermalcyclesuponcooldown,whichprovidesthe driving force
for horizontalcrackgrowthinitiatedby localdelamination.

The resultsof Fig. 5 indicatethat varyingthe interracialroughnessby keepingthe interracial
crestamplitudefixedwhilechangingthe interracialtrough amplitudehasa substantialinfluence
on thethrough-thicknessstressacrossthetrough,with the stressacrossthe crestaffectedto avery
small extent. This localizedeffectis morefully illustrated in Fig. 6 whichshowsthe through-
thicknessstressevolutionacrossthe interface'screstand troughfor the threelevelsof interracial
roughness.At the crestlocation,the maximumthrough-thicknessstressuponcompletionof the
first andsubsequentcyclesoccursat the bondcoat/topcoat interfacefor all interfaceroughnesses.
For thestandardinterfaceroughnessit is 65MPa. Decreasingthe interfaceroughnessreducesthe
maximumstressto 59MPa, andincreasingtheinterfaceroughnessincreasesthe maximumstress
to 69 MPa. At the trough location, the maximumthrough-thicknessstressoccursat the bond
coat/top coat interfaceonly for the high interfaceroughnessasseenin Fig. 7 (seeFig. 3(a) for
interfacelocations),which showsthe stressdistributionsalongthe vertical crosssectionpassing
throughtheinterface'stroughat theendof thefirst andsubsequentcycles.Themaximumthrough-
thicknessstressfor the highinterfaceroughnessis -153 MPa. Forthestandardinterfaceroughness
the maximumstressis -99 MPa andoccursin the bondcoat3 #m belowthe bondcoat/top coat
interface,decreasingto -80 MPa at the interface.Themaximumthrough-thicknessstressfor the
low interfaceroughness,-55 MPa, alsooccursin the bondcoat,3 #m belowthe bond coat/top
coatinterface,decreasingto -47 MPadirectly at the interface.

The through-thicknessstressmagnitudesat the crestand trough of the bond coat/top coat
interfaceof the standard interfaceroughnessgeneratedby our analysisarecomparableto the
resultsobtainedby Freborget al. Ill]. Theseauthorshaveobtained75and -50 MPa at thecrest
andtroughlocationsuponcooldown,respectively,versus65and-80 MPaobtainedbyouranalysis.



Theobserveddifferencesarelikely dueto the differencein the interracialroughnessrepresentation
(i.e.,singlevs doublesinewaveforms)andspecimengeometry(curvedvs flat geometry).

It is important to note that if the mannerof varyingthe interfaceroughnesswerereversed
by keepingthe trough amplitudefixedwhile changingthe crest amplitude,a smilar effectwill
alsobeobserved.That is, the interracialthrough-thicknessstressat the trough wouldbeaffected
very little, with the stressat the crestaffectedto a similarextentasat the troughin the present
situation.

Weendthissectionbypresentingthehorizontal(alongthex2 direction) through-thickness stress

distributions at the elevation passing through the crest of the bond coat/top coat interface (x3 -- 640

#m, see Fig. 3(a)) in Fig. 8 to demonstrate how they are affected by the interface roughness, and

to provide comparison with the results of the following section. As observed (and suggested by the

vertical distributions in Fig. 7), the tensile through-thickness stress at the crest location changes

to compression in the top coat region above the trough. The low interface roughness decreases

the magnitude of the compressive stress somewhat while the high interface roughness increases it

relative to the stress distribution for the standard interface roughness. Corresponding distributions

will be presented in the following section to demonstrate how the through-thickness stress to either

side of the crest is dramatically affected by the introduction of an oxide layer.

3.2 Oxide Layer Thickness Effects

Next, we demonstrate the effect of oxide layer thickness on the through-thickness stress for

the standard interface roughness, and then focus on the transverse stress. Figure 9 compares the

through-thickness stress evolution with time at points just below the crest and trough locations (on

the bond coat side of the bond coat/top coat and bond coat/oxide layer interface) of the interfaces

without and with an oxide layer. At this particular location, the presence of the oxide layer increases

the magnitude of the through-thickness stress during the intial heatup and subsequent cooldown to

a substantially greater degree than the corresponding increase due to the interracial roughness. As

before, during subsequent cycles, the residual stresses decrease to zero during the heatup period,

remain zero during the hold period, and retrace the same path during cooldown as in the first cycle.

More insight into the oxide layer-induced stress amplification is obtained by considering the

through-thickness stress distributions in the vertical cross sections passing through the crest and

trough at the end of each cycle. These are presented in Fig. 10. In the cross section passing

through the crest, the maximum stress (65 MPa) in the absence of the oxide layer occurs exactly

at the bond coat/top coat interface (x3 = 640 #m) as discussed previously. The introduction of a

thin oxide layer increases the maximum stress to 169 MPA and moves its location 1 #m below the

bond coat/oxide layer interface. At the bond coat/oxide layer and oxide layer/top coat interface

the through-thickness stress rapidly decreases to 71 and 42 MPa, respectively, increasing again to

52 MPa 2 #m above the oxide layer/top coat interface (x3 = 643 _zm), and subsequently decaying

to zero in a manner similar to that when the oxide layer is absent. In the presence of the thick

oxide layer the maximum stress further increases to 500 MPa and its location moves back up to the

bond coat/oxide layer interface. The through-thickness stress rapidly decreases within the oxide

layer with increasing distance from the bond coat/oxide layer interface, changing from tension to

compression within the oxide layer itself in contrast to the thin layer case. It attains its greatest

compressive value of 52 MPa at the oxide layer/top coat interface (x3 = 643 _m) at which point it

reverses direction, becoming tensile a small distance from this interface (21 MPa at x3 = 650 #m),

reversing direction again and finally decaying to zero.
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Similarqualitativebehavioris observedin the crosssectionpassingthroughthetrough,except
for thesignof the through-thicknessstress.In this case,the locationof the maximummagnitude
of the compressivethrough-thicknessstressrelativeto the bondcoat interfaceis slightly different
in eachcase.In the absenceof the oxidelayer,the compressivethrough-thicknessstressattains
its greatestmagnitudeat anelevation3 #m belowthebondcoat/top coat interface,asdiscussed
previously.Theintroductionof a thin oxidelayermovesthemaximumstresslocationto the bond
coat/oxidelayerinterface.This is furthermovedup into theoxidelayeritself 1_m abovethe bond
coat/oxidelayerinterfacewhenthe oxidelayerthicknessis increased.Thedecayof the through-
thicknessstresswith increasingdistancefrom the locationwhereits magnitudeis maximumis
monotonicwhenthe layeris thin, and hasthe samecharacteras in the crosssectionpassing
throughthe crest(exceptfor the sign).In the caseof the thick oxidelayer,however,thethrough-
thicknessstressreversessign,becomingtensileoutsidethe oxidelayer, and attainsa maximum
valueof 16MPaat the elevationof 630#m (averagebondcoat/top coatinterface)abovewhichit
decreasesto zero.This issimilarto thesignreversalin thethrough-thicknessstressobservedin the
crosssectionpassingthroughthe crestfor the thick oxidelayercase,exceptnowthe signreversal
occursin the top coatabovetheoxidelayer/topcoat interface.

Thesubstantialstressamplificationdueto the oxidelayersuggeststhat the initiation of delam-
inationat the crestuponcooldownmaypotentiallyoccurat the bondcoat/oxidelayer interface
for both oxidelayerthicknessesif the interfacialbondis weak(in the caseof the thin oxidelayer,
the delaminationinitiation in the bondcoatjust belowthe bondcoat/oxidelayerinterfacewhere
the maximumstressoccurscanprobablybe ruled out for a denseNi-basedalloy). Subsequent
delaminationgrowth alongthis crestelevationin the horizontalcrosssectiondependson several
factors,includingthe strengthof the bondcoat/oxidelayer interface,the bondcoat/oxidelayer
Young'smodulusmismatch,andthe stressdistribution in the oxidelayeritself. Considerationof
thesefactorsleadsoneto the conclusionthat delaminationgrowthat this elevationinto the oxide
layerdoesnot appearto be favorable.First, a weakbondcoat/oxidelayerinterfacewouldtendto
deflectthedelaminationalongthe interfacetowardsthe troughregion(wherea compressivestate
of stressexists).This crackdeflectionis alsodrivenby the lowervalueof the bondcoat'sYoung's
modulusrelativeto that of the oxidelayer (for a high densityoxidefilm). Further, the state of
through-thicknessstressin the horizontalcrosssectionsthroughthe consideredcrestelevationis
not favorableto delaminationgrowth.The through-thicknessstressdistributionsarepresentedin
Fig. 11at severalelevationsthroughthe crest.

In thecaseof thethin oxidelayer,thehorizontalstressdistributionsaregivenat threeelevations,
namely:0.5_m belowandabovethe bondcoat/oxidelayerinterface;and1.0#m abovethe oxide
layer/top coat interface,or at x3 = 639.5,640.5 and 642.0 #m (see Fig. 3(b)). As is observed,

the initially tensile through-thickness stress directly below the bond coat crest (at x3 = 639.5 #m)

becomes compressive immediately to either side of the crest within the oxide layer, and exhibits an

oscillatory behavior with increasing x2 coordinate, going into small tension, and relatively greater

compression. In the top coat region the through-thickness stress increases to a maximum value of

63 MPA at x2 = 20 #m before it converges to the distribution observed previously in the absence

of the oxide layer. The compressive region around the bond coat crest would thus tend to retard

delamination growth at this elevation. At the higher elevation, x3 -- 640.5 #m, the magnitude

of the tensile stress directly above the bond coat crest decreases relative to the lower elevation

while the extent of compression to either side of the crest increases. However, the extent of the

compressive region is smaller due to only one oscillation. A relatively high tensile stress ( 148 MPa)

occurs a small horizontal distance from the crest at x2 --- 18 _m, which in fact is greater than the



stressdirectlybelowthebondcoatcrestat thelowerelevation.However,it occurswithin theoxide
layerat the oxidelayer/top coat interfaceand dropsdownto 61MPa on the top coatsideof the
interface.This stressdecayswith increasingx2 coordinate, converging to the previous distribution

around x2 = 25 _m. The above suggests the possibility of delamination initiation in the top coat

region to either side of the bond coat crest, with subsequent growth away from the crest arrested

by the compressive zone above the trough region. At the highest elevation, x3 = 642.0 #m, which

is purely in the top coat region, the magnitude of the tensile through-thickness stress directly over

the crest is further decreased slightly and the decrease of the stress with increasing x2 coordinate

is substantially more gradual than at the lower elevations. In fact, the through-thickness stress

never becomes compressive, reaching a minimum, then increasing somewhat and finally decaying

to the distribution observed in the absence of the oxide layer. The above results indicate that the

introduction of a thin oxide layer reduces the maximum tensile through-thickness stresses in the top

coat in the vicinity of the crest where delamination initiation and growth are likely to occur relative

to those when the oxide layer is absent. These results also suggest that delamination growth may

involve coalescence of two delaminations initiated directly over, and to either side and below, the

crest of the oxide layer/top coat interface.

In the case of the thick oxide layer, horizontal through-thickness stress distributions are given

at four elevations, with the first three located at the same elevations as in the thin oxide layer case

and the remaining 1 #m above the oxide layer/top coat interface, or at x3 = 639.5,640.5,642.0 and

644.0 #m (see Fig. 3(b)). The trends in the horizontal through-thickness stress distributions are

similar to those observed in the case of the thin oxide layer, with a few notable exceptions. The

large tensile through-thickness stress directly at the crest of the bond coat/oxide layer interface

decreases with increasing elevation until it becomes compressive within, at and just above the oxide

layer/top coat interface (as already seen in Fig. 10), in contrast with the preceding case where only

tensile stress was seen. The magnitudes of the compressive through-thickness stress in the oxide

layer immediately to either side of the crest are substantially greater relative to the thin oxide layer

case, and they extend further to either side of the crest due to the greater thickness of the layer.

The off-peak stress oscillations are also relatively smaller, with the tensile off-peak values smaller

than the values directly at or above the crest (with the exception of the highest elevation). The

largest off-peak tensile through-thickness stress (89 MPa) in the top coat occurs at the elevation

x3 = 640.5 #m and the horizontal distance x2 = 22 #m, which is greater than the corresponding

stress in the top coat in the thin oxide layer case at the same vertical elevation but at x2 = 18 #m.

The above observations suggest that, as in the preceding case, the potential for the initiation of

delamination directly at the crest of the bond coat/oxide layer interface caused by the high tensile

stress induced by the oxide layer is mitigated by the clamping action of the compressive stress to

either side of the oxide layer. Further, the maximum tensile stress that occurs in the top coat

above the oxide layer/top coat interface (at x3 = 650 #m, see Fig. 10) is significantly reduced.

This effectively moves the delamination initiation site to the off-peak location in the top coat region

slightly above the crest of the bond coat/oxide layer interface.

The increase in the oxide layer thickness also decreases the magnitude of the compressive

through-thickness stress in the top coat region over the trough at horizontal elevations passing

through the crest. This is more clearly shown in Fig. 12 where through-thickness stress distri-

butions at the same elevation x3 = 640.5 _m are given in the interval 20 < x2 _< 50 _m for

the standard interfaces without and with thin and thick oxide layers. Increasing the oxide layer

thickness is thus expected to facilitate delamination growth through the top coat region above the

trough.
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The last set of resultsdemonstratesthe effectof the oxidelayer thicknesson the transverse
stresscomponent_22in the planeof the layeredTBC system.This stresscomponentarisesdueto
thethermomechanicalpropertymismatchbetweentheindividualregionsregardlessof thepresence
or absenceof the roughinterfaceand may potentially leadto the formation of vertical cracks.
The magnitudeof the transversestressalsodependson the geometryof the TBC system,andin
particularon the substratethickness.In the absenceof a roughinterface,the through-thickness
(alongthe x3 coordinate) distribution of the transverse stress exhibits abrupt jumps or discontinu-

ities across the boundaries separating the substrate, the bond coat and the top coat because of the

aforementioned thermomechanical property mismatch and also because this stress is not a traction

component along this direction. In the absence of an oxide layer, the rough interface smooths out

these abrupt jumps while the introduction of an oxide layer gives rise to large localized transverse

stress discontinuities within, and in the immediate vicinity of, the oxide layer itself due to the

layer's large Young's modulus. During the heating portion of the thermal cycle, the transverse

stress component is initially negative in the substrate and positive in both the bond and the top

coat such that the through-thickness integral of this stress component is zero due to the general-

ized plane strain boundary conditions imposed on the TBC system in its plane. Due to the high

relaxation rates, the transverse stress decreases to zero at the elevated temperature and at the end

of the thermal cycle becomes positive in the substrate and negative in the bond coat and the top

coat. During subsequent thermal cycles, the transverse stress decreases to zero in the three regions

during the heatup portion and retraces its path during the cooldown portion as observed previously

with the through-thickness stress.

Figures 13 and 14 demonstrate the effect of the oxide layer thickness on the transverse stress

distributions along the vertical cross sections (along the x3 coordinate) passing through the standard

interface's crest and trough during the initial heatup portion of the cycle at 30 sec and after

cooldown at 630, 1260 and 1890 sec (end of first, second and third cycles). In the absence of an

oxide layer, the transverse stress smoothly decreases as the rough interface's crest is traversed from

the bond coat into the top coat, becoming less tensile and less compressive in the top coat region

away from the crest at 30 sec and after cooldown, respectively, Figs. 13(a) and 14(a). An initial

increase in the magnitude of the transverse stress is observed as the bond coat/top coat interface

is approached through the rough interface's trough, followed by an initially rapid and then a more

gradual decrease, Figs. 13(b) and 14(b). The presence of the oxide layer has a very localized effect

on the transverse stress in both cross sections. During the initial heatup, Fig. 13, large tensile stress

occurs within the oxide layer which increases with increasing oxide layer thickness. The region just

outside the oxide layer is also affected in a manner that depends on the oxide layer thickness and

the vertical cross section. In the case of the thin oxide layer at the crest location, Fig. 13(a), the

region just below the bond coat/oxide layer interface sees a substantially higher transverse stress

relative to the stress in this region in the absence of an oxide layer. The opposite is seen in the

case of the thick oxide layer whose presence now lowers the transverse stress in the regions just

outside the layer itself. At the trough location, Fig. 13(b), on the other, the initial increase in the

transverse stress at the bond coat/top coat interface in the absence of the oxide layer is suppressed

by the introduction of a thin oxide layer, while the transverse stress in the top coat at the oxide

layer/top coat interface is enhanced. As the oxide layer thickness is increased, the transverse stress

just below the bond coat/oxide layer interface is furthered lowered, with no additional increase

above the oxide layer/top coat interface. The presence of the oxide layer has a greater effect in

the trough where larger tensile transverse stresses are observed within the oxide layer relative to

the oxide layer at the crest. It should be noted that the maximum values of the transverse stress
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duringthe heatupportionof thethermalcycledonot occurat the sametime aswasthecasewith
thethrough-thicknessstresscomponent.Thecritical timesfall within the time intervalbetween30
and50secanddependon the locationandthe oxidelayerthickness.The distributionspresented
at 30sec,however,doprovideagoodrepresentationof the effectof the oxidelayer'sthicknesson
the magnitudeof the transversestress.Similar trendsareobservedat the endof the first aswell
assubsequentcycles,Fig. 14,exceptnow the signof the transversestressis reversed.Further:
the magnitudesof the compressivetransversestressin the oxidelayerat the crestand troughare
larger than the magnitudesof the tensiletransversestressat the correspondinglocationsduring
the initial heatup.

The aboveresultsindicatethat the magnitudesof the transversestresswithin the oxidelayer
aresubstantiallygreaterthan the magnitudesof the through-thicknessstressfor the presentTBC
geometry.Shoulda vertical crackdevelopthroughthe oxide layerduring the initial heatupdue
to the largetransversetensilestressat the crestand troughlocations,this crackmay propagate
into the top and bondcoatsdue to the favorableYoung'smodulusmismatch. Further, failure
in compressionat sufficientlylargemagnitudesof the transversestressmust not be ruled out as
well. Theseobservationspoint to the desirabilityof maintainingthe oxidelayerthicknessbelowa
certainlevelin orderto eliminatethepossibilityof eitheraverticalcrackformationoracompressive
failure modedueto excessivelylargetensileor compressivetransversestress.The desirabilityof
optimizing the oxide layerthicknessis further supportedby the examinationof the remaining
two stresscomponentsnot discussedthusfar. Theout-of-planenormalstress(an) alsobecomes
progressivelylargerwith increasingoxidelayerthicknessduringtheinitial heatup,andmayproduce
crackswithin the oxide layer transverseto the xl axis. In fact, this stress component during

the initial heatup is larger than the transverse stress. Its magnitude after cooldown, however, is

relatively small. The inplane shear stress (a23) also increases rapidly with increasing oxide layer

thickness and attains maximum values at locations to either side of the crest. Its effect on potential

delamination during cooldown is not clear, however, due to the clamping action of the through-
thickness stress normal stress at these locations.

4 SUMMARY AND DISCUSSION OF RESULTS

As demonstrated by Koolloos and Houben [12], pre-oxidizing the bond coat to a thickness of 2

#m enhanced the durability of a PSZ TBC system during furnace tests. The oxide layer consisted

predominantly of a-A1203. Failures occurred by spallation of the top coat upon cooldown. The

results of our analysis shed light on the effect of the oxide layer thickness on the through-thickness

(and also transverse) stress at the critical crest and trough locations of a rough top coat/bond coat

interface. Such analysis can aid in optimizing the initial oxide film thickness for a specific TBC

architecture and material system.

Increasing the oxide layer thickness leads to dramatic increases in the magnitudes of the through-

thickness stress at the bond coat/oxide layer interface and also within the oxide layer itself at the

crest and trough locations after cooldown. The interfacial stress becomes more tensile and more

compressive at the crest and trough locations, respectively. The increase in the tensile through-

thickness stress, however, is offset by the compressive stress that develops immediately to either

side of the crest, thereby providing a clamping action that should prevent delamination cracks from

propagating across the oxide layer and into the top coat. The magnitude of this compressive stress

increases with increasing oxide layer thickness. For a given oxide layer thickness, the through-

thickness stress within the oxide layer at the crest decreases with increasing vertical distance from
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the bondcoat/oxidelayerinterfacein the directionof the top coat, becominglesstensileat the
oxidelayer/top coat interfacein the caseof the thin oxidelayer and compressivein the caseof
the thick oxidelayer.This is accompaniedby smallermagnitudesof the compressivestressin the
locationsimmediatelyto eithersideof the crestat fixedelevations.Abovethe crestof the oxide
layer/topcoatinterface,a smallincreasein thestressrelativeto that at the interfaceis observedin
the caseof the thin oxidelayer. In thecaseof thethick oxidelayer,a signreversaloccursandthe
through-thicknessstressbecomestensileagain. Its magnitude,however,is substantiallysmaller
than in the thin oxidelayercase.

Theaboveresultssuggestthat thethicknessoftheoxidelayerhasaninfluenceon themannerin
whichdelaminationgrowthin thetop coatwill proceed,asis typicallyobservedin plasma-sprayed
TBCs. In the absenceof the oxidelayer,the maximumthrough-thicknessstress(65MPa) upon
cooldownoccursat the crestof the bondcoat/top coat interfaceandsothe delaminationis likely
to initiate and proceedalongthis elevation.Its growth,however,shouldbe somewhatmitigated
by the changein the signof the through-thicknessstresswith increasinghorizontaldistancefrom
the crest.The introductionof a thin oxidelayermovesthe maximumstress(52MPa) in the top
coat at the crest location2 #m abovethe oxide layer/top coat interface,makingit likely that
delaminationinitiation andgrowthwill proceedthroughthis point andnot throughthecrestofthe
oxidelayer/topcoatinterfacewherethestressis42MPa(providedthat the interfaceis sufficiently
strong).Sincethethin oxidelayerreducesthemaximumthrough-thicknessstressin thetop coatat
thecrestlocationrelativeto a TBC without anoxidelayer,delaminationinitiation at this location
shouldrequireagreaternumberof thermalcycles.However,thethin oxidelayeralsoincreasesthe
through-thicknessstressto 61MPain thetop coat to eithersideof thecrestat anelevationbelow
the oxidelayer/top coat interface,potentiallycreatinganotherdelaminationinitiation site. The
delaminationgrowthat this andhigherelevationshouldbemitigatedbythe compressivethrough-
thicknessstressawayfrom the crest(in the top coatregionabovethetrough) whichhasthe same
distribution asthat in the absenceof theoxidelayer.

The introductionof athick oxidelayerdecreasesthe maximumthrough-thicknessstressin the
top coatat thecrestlocationto 21MPawhichoccurs7 #m above the oxide layer/top coat interface,

further decreasing delamination initiation susceptibility at this elevation. However, this is offset by

an increase in the through-thickness stress in the top coat to either side of the crest at the lower

elevations, thereby potentially moving the delamination initiation site from the location directly

above the crest to a location in the top coat to either side of the crest. Further, increasing the oxide

layer thickness facilitates delamination growth between the rough interface's crests by reducing the

compressive through-thickness stress in the top coat above the trough region.

The above discussion indicates that the oxide layer thickness should be optimized in a way that

decreases the delamination initiation susceptibility in the top coat directly above, or immediately

to either side of, the crest, while reducing the delamination growth potential between adjacent

crests. Such optimization must take into account subsequent oxide film growth during exposure to

elevated temperature. Another reason for optimizing the oxide layer thickness are the large through-

thickness and transverse stresses that develop in the oxide layer during thermal cycling. These large

stresses can lead to the degradation of the oxide layer itself, thereby producing additional failure

initiation sites. The magnitude of transverse stress also depends on the TBC geometry, and in

particular the substrate thickness which also must be taken into account in choosing on optimal
oxide film thickness.
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Theresultsof ourstudycanalsobecomparedandcontrastedwith thosepresentedby Freborg
et al. [11].Theseauthorshavemodeledthe oxidationof the bondcoat layer,allowingthe bond
coatthicknessto continuouslydecreasewith exposureto elevatedtemperaturewith increasingoxide
layerthickness,while in the presentstudythe bondcoat thicknessand the oxidelayerarefixed.
However,the thicknessof the oxidelayerrelativeto the roughinterface'samplitudewasrelatively
small. Further,the effectof the oxidelayergrowthon theresultingstressfieldshouldbesmalldue
to thehighrelaxationrateswithin theTBC constituentsat theelevatedtemperatureat whichoxide
growthwasmodeled.Anysignificantdifferencesin the stressdistributionsbetweenthetwostudies
shouldthus beattributable to the modelspecimengeometry(cylindricalspecimenvs flat plate),
the waveformusedto modelthe roughinterface(singlesinewavevs doublesinewave),and the
methodof solution(f-evsHOTFGM). Theaccuracyof thehigher-ordertheorywasdemonstrated
in previousinvestigations[16].In thestudyof Freborget al. [11],stressdistributionsarepresented
for a TBC without anoxidelayer,andfor a TBC with agrowingoxidelayer,at the endof 4 and
51 thermalcycles.The thicknessof the oxidelayer after 4 and 51cycleswasapproximately0.3
and1.0/_m,respectively,whicharesomewhatsmallerrelativeto the waveformamplitudethanour
thin andthick oxidelayers,respectively.

First, both studiesindicatecomparablemagnitudesanddistributionsof the through-thickness
stressin the top coat regionat the crestlocation in the absenceof the oxide layer. Also, both
studiesindicatethat thethrough-thicknessstressaftercooldownat the crestof theoxidelayer/top
coat interfacedecreaseswith increasingoxidelayerthickness,and becomescompressivewhenthe
oxidelayerbecomessufficientlylarge. However,the magnitudeof the compressivestressafter 51
thermal cyclesin the study by Freborget al. [11]is substantiallysmallerthan the magnitude
of the compressivestressin our study for the thick oxide layer,which is likely attributable to
the smalleroxide layerthicknessrelativeto the waveformamplitude. Further, whileFreborget
al. [11]predict that the stressat the troughof the oxide layer/top coat interfacechangesfrom
compressionto tensionafter 4 cycleswith an additional,but relativelysmaller,increaseafter 51
cycles,our resultsindicatethat thestressbecomeslesscompressive(but not tensile)with increasing
oxidelayerthicknessat this interface.This cannotbeexplainedby thesmallerrelativeoxidelayer
thicknessin the Freborget al. [11]study,andismostlikelydueto thedifferencesin thewaveforms
andspecimencurvatureemployedin thetwostudies.However,stressreversalin thetroughregion
from compressionto tension(smallerthan in the Freborget al. [11]study) is predictedto occur
by our modelin the top coat at a smalldistanceawayfrom the oxidelayer/top coat interfacein
the caseof the thick oxidelayer (but not thin). This stressreversalalsoleadsto loweringof the
compressivethrough-thicknessstressabovethetrough at theelevationspassingthroughthe crest,
while in the study by Freeborget al. [11],tensilestresswasobtainedat theseelevationsafter 51
(but not 4) cycles.

Despitethesequantitativedifferences,whicharemost likely causedby the differencesin the
relativeoxide layerthickness,the waveformsusedto model roughinterfaces,and the specimen
geometry,the qualitativetrendspredictedby the two modelsare similar. Our resultsthus also
provideindependentsupport to the hypothesisproposedby Freborget al. [11] regardingthe
initiation andsubsequentgrowthof delaminationsduringbondcoat oxidationin plasma-sprayed
TBCs with rough interfaces.In this hypothesis,the delaminationinitiation occursat the crest
of the bondcoat/top coatinterface(or at the off-peaklocation)and its growth betweenadjacent
crestsis facilitatedby the growthof the oxidelayerwhichchangesthe state of through-thickness
stressfrom compressionoverthe trough to tension. The resultsof our analysissuggestthat the
changeof the through-thicknessstressoverthetroughregionsdependson thespecimengeometry
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andperhapsmoreimportantly on the characterof the roughinterface.
Finally, recentwork by Brindley et al. [19]indicatesthat tailoring the thermal expansion

coefficientof the bond coat in the regionadjacentto the roughinterfacecandoublethe TBC's
durability.This tailoringwasaccomplishedthroughafinedispersionofsubmicronaluminaparticles
in thebondcoatregionadjacentto the interface.Thehigher-ordertheoryemployedin the present
investigationis ideallysuitedto modelingandoptimizingsuchadvancedTBC systemsthroughthe
alreadydescribedsubvolumediscretization.Futureworkwill addressoptimalgradingof the rough
bondcoat/top coatinterfaceusingthe conceptproposedby Brindleyet al. [19].

5 CONCLUSIONS

The pronounced stress relaxation within the TBC constituents due to exposure to elevated

temperature during uniform heatup-hold-cooldown thermal cycling changes the state of through-

thickness stress at the crest and trough locations of rough bond coat/top coat interfaces in plasma-

sprayed TBCs. At the crest, the initially compressive through-thickness stress during the heatup

portion of the first thermal cycle relaxes to zero at the elevated temperature, thus becoming ten-

sile upon cooldown. The opposite occurs at the trough. During subsequent cycles, the through-

thickness stress at both locations decreases to zero during the heatup phase, and returns to the

same state upon cooldown as after the first cycle. This sets up the crest location as the initiation

site for delamination.

Local variations in the details of the bond coat/top coat interface roughness tend to have

a localized effect on the through-thickness stress. Increasing (decreasing) the trough amplitude

of a rough interface relative to the crest amplitude increases (decreases) the magnitude of the

through-thickness stress at this location, with substantially smaller changes at the crest location.

These localized stress perturbations may be substantial, depending on the relative change of the

trough (crest) amplitude with respect to the crest (trough) amplitude. The introduction of an

aluminum oxide layer between the top and bond coats has a much more significant influence on the

through-thickness stress at the crest and trough of the bond coat/oxide layer interface, producing

substantially greater amplification in the magnitudes of the through-thickness stress after cooldown

which increase with increasing oxide layer thickness. The delamination susceptibility at the crest

of the bond coat/oxide layer interface, however, is mitigated by a high compressive stress in the

oxide layer to either side of the crest, thereby preventing delamination growth into the oxide layer

and the top coat. Further, the oxide layer's effect on the through-thickness stress at the crest

of the oxide layer/top coat interface is beneficial, lowering the through-thickness stress at this

location with increasing layer thickness even to the point of putting this interface in compression

(but not the region above it). Unfortunately, the tensile through-thickness stress in the top coat

to either side of, and just below, the crest also increase with increasing oxide layer thickness while

the magnitude of the compressive through-thickness stress in the top coat region above the trough

of the oxide layer/top coat interface decreases, facilitating delamination initiation and growth at

lower elevations. These opposing trends suggest that the oxide layer thickness should be optimized.

This is further supported by the high magnitudes of the through-thickness and transverse stresses

that develop in the oxide layer itself with increasing layer thickness. The oxide layer thickness

optimization must therefore take into account the strength of the alumina layer (which depends on

the deposition process), including interfacial strength, and subsequent growth.

The major features of the residual stress evolution in TBCs with rough top coat/bond coat

interfaces with an oxide film generated herein using the higher-order theory for functionally graded
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materialsareconsistentwith the resultsof finite-elementanalysesreported in the literature. In
particular,theresultsofour investigationsupportarecentlyproposedhypothesisregardingdelami-
nationinitiation andpropagationinplasma-sprayedTBCswithevolvingbondcoatoxidation,while
pointingto the importanceofinterracialroughnessdetailsandspecimengeometryin modelingthis
phenomenon.
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7 APPENDIX

In outlining the basic structure of the higher-order theory for functionally graded materials,

distinction must be made between the global coordinates xl, x2, x3 shown in Fig. 2, and the local

inplane coordinates x 2-(f_), x 3-(_) used to designate position within each subcell (/_q,) of the generic cell

(q, r). The local and the global coordinate directions designated by the same subscript are parallel

to each other. The subcell designation (/_/) identifies the subcell's relative position within a given

cell along the global x2, x3 coordinates. Since there are four subcells in each generic cell, with two

subcells along each of the global x2, x3 coordinates, the indices/3 and 3_ take on the values 1 or 2.

7.1 Thermal Analysis

Let the functionally graded parallelpiped shown in Fig. 2 be subjected to steady-state tem-

perature or heat flux distributions on its bounding surfaces. Under these circumstances, the heat

flux field in the material occupying the subcell (37) of the (q, r)th generic cell, in the region

- _"Z ' - _7 , must satisfy:

oe Z/ + = 0, (8, =1,2) (A1)

The components q}Z'Y) of the heat flux vector in this subceU are derived from the temperature field

according to:

q(Z_) - k (z_) 0T(Z_) (i = 2, 3; no sum) (A2)
i ---- i _--_.) ,

where k} f_'y) are the coefficients of heat conductivity of the material in the subcell (/3_/), and no

summation is implied by repeated Greek letters in the above and henceforth.

The temperature distribution in the subcell (_) of the (q, r)th generic cell, measured with

respect to a reference temperature Tre/, is denoted by T (z_). This temperature field is approximated

by a second order expansion in the local coordinates _Z), 2_) as follows:

T(Z'_) = ,r(_'y) __ ._(_),r(_'_) ._('y),p(_'_) 1,,,_(_)2 )T(_._) 1 (32_.y)2 l(_")2)T(_.y )
"_(00) "'_2 "_(10) Jr''_3 "(01) "_-2(JX2 4 (20) +2 4 (02) (A3)

where T(f_) which is the temperature at the center of the subcell, and T (_) (m, n = 0, 1, or 2 with_(00) ' (._,_)
m + n __<2) are unknown coefficients which are determined from conditions that will be outlined

subsequently.

Given the five unknown quantities associated with each subcell/_.e.,'" 1(o0)'_(_),..., T((_ )) and four
subcells within each generic cell, 20NqN_ unknown quantities must be determined for a composite

with Nq, and N_ rows and columns of cells containing arbitrarily specified materials. These quanti-

ties are determined by first satisfying the heat conduction equation, as well as the first and second

moment of this equation in each subcell in a volumetric sense in view of the employed temperature

field approximation. Subsequently, continuity of heat flux and temperature is imposed in an av-

erage sense at the interfaces separating adjacent subcells, as well as neighboring cells. Fulfillment

of these field equations and continuity conditions, together with the imposed thermal boundary

conditions on the bounding surfaces of the composite, provides the necessary 20NqN_ equations for
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the 20NqNrunknowncoefficientsT (z_) in the temperature field expansion in each (/37) subcell.

The final form of this system of equations is symbolically represented below

_T=t (A4)

where the structural thermal conductivity matrix _ contains information on the geometry and

thermal conductivities of the individual subcells (/37) in the NqNr cells spanning the x2 and x3

directions, the thermal coefficient vector T contains the unknown coefficients that describe the

temperature field in each subcell, i.e.,

where

rT(:zl) T(22)
T = L._ll ,'", "_NqNrJ

= [T(00),T(10),T(01),T(20),qr

and the thermal force vector t contains information on the boundary conditions.

7.2 Mechanical Analysis

Given the temperature field generated by the applied surface temperatures and/or heat fluxes

obtained in the preceding section, we proceed to determine the resulting displacement and stress

fields. This is carried out for arbitrary mechanical loading, consistent with global equilibrium

requirements, applied to the surfaces of the composite.

The stress field in the subcell (_/) of the (q, r)th generic cell generated by the given temperature

field must satisfy the equilibrium equations

b(_) _ (_)
a2j acr3_._.Lj

+ =0, (j =2,3) (AS)

The components of the stress tensor, assuming that the material occupying the subcell (_) of the

(q, r)th generic cell is isotropic, are related to the strain components through the familiar Hooke's
lave:

ij .. -_ ekk _ij- ij

where A(_'Y)and #(_) are the Lam_'s constants of the material filling the given subcell (_/), ¢_ .(_)

are the inelastic strain components, and aiT(z_) is the thermal stress consisting of the products of

the stiffness tensor components, thermal expansion coefficients and the temperature change. The

components of the strain tensor in the individual subcells are obtained from the strain-displacement

relations.

The displacement field in the subcell (f_) of the (q, r)th generic cell is approximated by a

second-order expansion in the local coordinates Z (z) and Z__)2 , as follows:

U_ f_'7) ___ X1_11

= "2(00) _- x2 _2(10) _ _3 "2(01) + _t_x2 - --

1 (q_.(_)2
'" 3(00) -4- X 2 IN3(10 ) _.,-,3 "" 3(01)

4 's'" 2(20) "_ _t_x3 - --

4 _"3(20) +_C_x3 ---

(A7)

l(__)2 _w(n_) (A8)
4 s,, 2(02)

l(')2 _w(Z_) (A9)
4 s" 3(02)
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W (#_) which are the displacements at the center of the subcell, and the higher-order termswhere _(00),

W (z_) (i = 2, 3) must be determined from conditions similar to those employed in the thermal

problem. In this case, there are 40 unknown coefficients W._ _)) in a generic cell (q,r). The de-
termination of these coefficients parallels that of the thermalpro_blem. Here, the heat conduction

equation is replaced by the two equilibrium equations, and the continuity of tractions and displace-

ments at the various interfaces replaces the continuity of heat fluxes and temperature. Finally, the

boundary conditions involve the appropriate mechanical quantities.

Application of the above equations and conditions in a volumetric and average sense, respec-

tively, produces a system of 40NqN,. algebraic equations in the unknown coefficients W (z'_)_(mn)" The
final form of this system of equations is symbolically represented by

KU=f+g (A10)

where the structural stiffness matrix K contains information on the geometry and thermomechan-

ical properties of the individual subcells (_7) within the cells comprising the functionally graded

composite, the displacement coefficient vector U contains the unknown coefficients that describe

the displacement field in each subcell, i.e.,

rTT(n) TT(_2) _
U .= L"-'ll ,'", ""NqNrJ

where

U(¢ "y) = [Wi(00), W,00 ), W_(m), Wi(20), Wi(02)](¢ _) (i = 2, 3)

and the mechanical force vector f contains information on the boundary conditions and the thermal

loading effects generated by the applied temperature. In addition, the inelastic force vector g

appearing on the right hand side of eqn (A10) contains the inelastic effects given in terms of the

integrals of the inelastic strain distributions that are represented by the coefficients R (#'y) defined
below

where

R(#_ ) _-1 +1ij(m,n) = #(#°')A(' TM) 1 -J-1 Qj rn_c'2 ) '_3 )a_,2 (,3
(A11)

= ¼ /(1+ 2 )(1+

and the Legandre polynomials P.(¢_')) are functions of the non-dimensionalized variables _')'s,

defined in the interval -1 < _) < +1, which are given in terms of the local subcell coordinates

as follows: _#) = f:_#)/(h (q)/2), and ¢_)= @._)/(l(r)/2). These integrals depend implicitly on the

elements of the displacement coefficient vector U, requiring an incremental solution of eqn (A10)

at each point along the loading path.
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Figure 1.--(a) A TBC system with different degrees of top coat/bond coat interfacial
roughness, (b) repeating cross-section element of the TBC system with indicated
boundary conditions.
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Figure 2.--A geometric model of a material functionally graded in the x 2 - x 3 plane
illustrating the volume discretization employed in HOTFGM-2D.
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Figure 3.mVolume discretization of the wavy interface region: (a) low, standard and high interfacial

roughness; (b) standard interface roughness with thin and thick oxide layer thickness.
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Figure 5.mlnterfacial through-thickness stress continuity as a function of
time across the crest and trough of rough interfaces without an oxide
layer: (a) low interfacial roughness; (b) high interfacial roughness.
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Figure 7.--Effect of interfacial roughness on the through-thickness stress

distributions at the end of each thermal cycle (630, 1260, and 1890 seconds)

along vertical cross section (in the x 3 direction) passing through the trough.

Top coat/bond coat interface locations are given by x 3 = 626 i_m (low

roughness, dotted line), x 3 = 620 I*m (standard roughness, dashed line),

x 3 = 614 i_m (high roughness, solid line).
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28



v

03
O3

Q.

O3
O3

600

400

2OO

0

-200

-.-4OO

m

Standard roughness

No oxide layer

- -_- Thin oxide layer _"

_ -_- Thick oxide layer / __

(a)
-600 L I I I I I I

0 100 200 300 400 500 600 700

Time (sec)

600

400

200

0

-200 --

-400 --

(b)
-600

0

Standard roughness

-V- No oxide layer
-E}- Thin oxide layer
-EP- Thick oxide layer

L I
100 200 300 400

Time (sec)

500 600 700

Figure 9.mEffect of oxide layer thickness on the through-thickness
stress evolution with time on the bond coat side of the standard

interface at the crest (a) and trough (b).

29



600

500

400

_" 300
Q.

200

1O0

(a)
-1 O0

520

_ Standard roughness (630, 1260,1890 s)

No oxide layer
-E}- Thin oxide layer

Thick oxide layer

I I
560 600 640 680

x3 (l,m)

I
72O

-80O

-700

-600

-500

_" -4O0

_-300

-200

-1 O0

0

100

Standard roughness (630, 1260,1890 s)

-- --V-- No oxide layer J

-_- Thin oxide layer

(b) l r I l
520 560 600 640 680 720

x3 (_m)

Figure 10.--Effect of oxide layer thickness on the through-thickness stress
distributions at the end of each thermal cycle (630, 1260, and 1890 seconds)
along vertical cross section (in the x3 direction) passing through the crest,
x3 = 640 l*m (a) and trough, x3 = 620 iLm (b) of the standard interface.

3O



250 --

150

5O

-50

-- E

b

Standard roughness (630, 1260,1890 s)

x3 = 639.5 I.¢m

-E}- x3 = 640.5 _m
-G- x3 = 642.0 I_m

-150

-250

I)

0

I I I l J

10 20 30 40 50

x2 (IJ,m)

5O0

250

D.

-250

-5OO

-750

-1000

i(

Standard roughness (630, 1260,1890 s)

--V- x3 = 639.5 I_m

-E}- x3 = 640.5 i_m
-G- x3 = 642.0 I_m

--e-- x3 = 644.0 I_m

-- t

t I
(b)

I I I ] I

0 10 20 30 40 50

x 2 (p.m)
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